Abstract: Oxidation behavior of Super304H and HR3C steel in high temperature steam from an ultra-supercritical coal-fired boiler was investigated in this paper. The results showed that the steam oxidized surface of Super304H ware composed of Fe 2 O 3 , Cr 2 O 3 and FeCr 2 O 4 , the oxide scale had a thickness of 50-70 µm. In addition, the steam oxidized surface of HR3C ware composed of Fe 2 O 3 , the oxide scale was about 20µm in thickness and contained few pitting. The oxidation product layer of the two samples could be divided into two layers, including outer layer enriched O element and Fe element, and inner layer enriched O element and Cr element. Furthermore, oxide scale spalling was observed on the surface of Super304H sample.
Introduction
Increasing steam parameters (pressure and temperature) of utility boilers can effectively improve fossil energy utilization to reduce pollutant emissions [1, 2] . The application of ultra-supercritical technology puts higher requirements on the steam oxidation resistance of high temperature heating surface materials [3, 4] . The increase of steam temperature leads to an accelerated material oxidation rate, and the oxide scale will peel off as its thickness increases, as well as affect the component life and overall efficiency of the boiler [5] [6] [7] . There are few materials used in boiler with good high temperature oxidation resistance, steam oxidation resistance and mechanical property in the temperature range of 650-700 • C now. As main steam temperature in the ultra-supercritical boiler develops continuously to high parameter rapidly, metal wall temperature of super-heater and re-heater gradually approach or exceed 680 • C, which is in the second peak area of high temperature oxidation rate, the oxidation rate will increase greatly. Super304H (0.1C18Cr9Ni3CuNbN) and HR3C (25Cr20Ni NbN) are two kinds of high temperature alloy steels that widely used [8, 9] . Super304H has good endurance strength and high temperature steam oxidation resistance, HR3C has better heat intensity property. Super304H and HR3C have been widely used in the manufacture of superheater or reheater [10, 11] .
In the beginning researchers were concerned about steam oxidation of ferritic steel [12] , then focused on the steam oxidation behavior of austenitic steel and achieved remarkable results. Wright and Pint investigated the oxidation behavior of austenitic steel and compared with various types of ferritic steel, and found that austenitic steel had better oxidation resistance because of the form of Cr 2 O 3 protective layer that could delay oxidation rate [1, 13] . Hansson and Montgomery analyzed the steam oxidation behavior of the TP347HFG samples from an ultra-supercritical utility boiler.
They also compared the steam oxidation behavior of TP347HFG and TP347H, and then obtained the influence law of grain structure on the material steam oxidation resistance behavior [14] . Liang experimentally investigated the high temperature oxidation of the newly developed alloy 282 under the condition of flowing air and steam [15] . Also, the steam oxidation behavior of Super304H in simulating high temperature steam environment was studied in the laboratory [16] . Similarly, Yuan et al. investigated the steam oxidation resistance of Super304H after different surface treatments of grinding (1000 grit with SiC papers), polishing (1 µm at last) and sandblasting, using an air-blast machine with Al 2 O 3 -SiO 2 mixture beads at 0.2-0.4 MPa [17] . The steam oxidation behavior of HR3C was discussed, and compared with that of TP347H and high-entropy alloy AlxCoCrFeNi, as the results showed. The oxidation resistance of shot peened TP304H was even better than shot peened HR3C [18] . The comparative analyses between Super304H and HR3C were carried out by Iseda, but Iseda mainly focused on the long-term creep properties and microscopic results [19] . Lukaszewicz conducted a series of studies on the steam oxidation behavior of various materials in the laboratory, in additional, he reported some results from an investigation into the impact of steam flow rates and sample orientation on the steam oxidation of surface ground superheater tube materials. [20] [21] [22] . However, there are few studies on the comparison of steam oxidation behavior of various austenitic steels in long-term service environment (over 15,000 h). In this paper, Super304H and HR3C steel tubes with service time of 17,973 h in a 1000 MW ultra-supercritical coal-fired boiler were site cutting and analyzed by X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy-dispersive spectrometry (EDS). The results can facilitate the understanding of the steam oxidation mechanism under the actual operating condition, and is useful to ensure the power plant boiler operate safely and efficiently for a long period of time.
Experimental Samples and Methods
The samples derived from super-heater and reheater in a 1000 MW ultra-supercritical coal-fired boiler in China ( Figure 1 ). Respectively, the steam pressure and temperature of the high-temperature super-heater is 26.15 MPa and 605 • C. Furthermore, the experimental tubes accumulated operation 17,973 h and its composition were shown in Table 1 . As described in Table 2 , the material for superheater was Super304H, and the sample was selected from the outlet of the rear panel superheater (12th tube of the 30th screen from front to the back). For the reheater, the material was HR3C, and the sample was selected from first tube of the 20th row of the rear screen. For analysis convenience, the test tubes were cut to samples illustrated in Figure 2 . First, phase analysis was conducted by using XRD with a PANalytical X'pert PRO MPD powder diffractometer (Netherlands). It is employed Cu Kα radiation (λ = 0.15406 nm) and operated at 40 mA and 40 kV, as well as recorded at a scan rate of 1 • /min in the range of 20 • < 2θ < 80 • . The JADE6.5 software package was employed to fulfill the peak identification comparing with standards. Then, samples were the poured with denture powder in advance to prevent the oxidation layer falling off during sample grinding and polishing. Finally, the samples were analyzed by utilizing the SEM and EDS with JSM-6390 (Japan) at the accelerating voltage of 15 kV. 
Experimental Results

Surface Analysis
The XRD analysis results were shown in Figure 3 and The oxidation surface morphology of the sample and the elemental composition of marked region were shown in Figures 4 and 5 , respectively. Steam oxidised surface of Super304H was irregularly shaped, and cracks appeared among the flakes, as well as some flakes adhered to the fine particles. Besides, the O content, and Fe content of the fine particles were higher than the flakes and cracks. 
Cross-Section Analysis
The cross-section microstructure of the oxidised samples Super304H and HR3C are showed in Figure 6 . As the figure showed, the oxidation product was presented in two layers, namely, the outer layer mainly contained Fe and O and the inner layer mainly contained Cr and O. Especially in the HR3C sample, the boundary line between the two layers could be distinguished by the naked eye (indicated by the black arrow). Furthermore, the thickness of the oxide scale of Super304 was about 50-70 µm, the oxide scale of HR3C sample was relatively continuous and generally the thickness was about 20 µm. However, the pitting oxidation penetration occurred in some places, and the depth reached 40-50 µm. Moreover, as shown in Figure 6 , regional vacancies appeared near the boundary between the inner and outer layers of the oxide scale for Super304 sample, while the vacancy region of the HR3C sample existed only at the junction of the outer layer of the oxide scale near the surface. There was unoxidized regions in the oxidation inner layer in Figure 6b , so the oxidation pitting phenomenon in HR3C samples may be caused by narrow gap penetration of O elements at different positions. In addition, for the Super304 sample, Ni was enriched at the boundary between the steam oxidation layer and the matrix. Nevertheless, for the HR3C sample, Ni was enriched at the boundary between the inner and outer layers of the oxidation layer and in the unoxidized region.
Discussion
Steam Oxidation Mechanism
According to Ellingham-Richardson diagram [23] , the Gibbs free energy (∆G θ ) formed by Fe 2 O 3 in the alloy was higher than that of Cr 2 O 3 . Therefore, Cr 2 O 3 preferentially generated on the matrix surface during the oxidation process. The Cr 2 O 3 generated on Super304H and HR3C surface could resist the continued oxidation to the matrix and prevent the continued formation of Fe 2 O 3 .
The inner layer of oxidation products for Super304H sample was consist of 
The Cr content of HR3C was 25.61%, more than 25% [24] , which formed a continuous dense Cr 2 O 3 barrier to prevent the penetration of O. However, the formation of micro-gaps among the Cr 2 O 3 was supported by the uneven distribution of Cr, as well as the existence of thermal coefficients of expansion discrepancy between the oxidation scale and matrix. Even if some O element crossed the oxidation inner layer and invaded the material matrix through the micro-gaps, the abundant Cr in the matrix would react with O quickly and formed new Cr 2 O 3 denser protective layer. This is the reason why the oxidative pitting of the HR3C sample can be observed in Figure 6 .
Furthermore, according the work by D.J Young and Pint regarding Cr evaporation [25] , the volatiles CrO 3 and CrO 2 (OH) 2 formed during the oxidation process as Equations (4) and (5), and depleting the scale in Cr. Higher-alloyed steels have a much better resistance to the formation of Fe-rich oxides but clearly show accelerated depletion of Cr from the alloy in the presence of water vapor. The accelerated loss of Cr and the associated accelerated formation of Fe-rich oxide is an acute problem for heat exchangers in power plants. Furthermore, Cr evaporation in extremely high pressure was the reason why no compounds containing Cr was observed in 25% Cr steel (HR3C), according this work, where activity of Cr is much higher than in 18% steel (Super304H). In Super304H steel, some spinal was observed because Cr activity is lower than in HR3C steel and lower rate of Cr evaporation was observed. The lack of Cr in Cr based phases in the HR3C oxide scale derived from the fact that whole Cr concentration from the outer layer of the oxide scale evaporated during 17,973 h of exposure under operating condition. 
Oxidation Layer Spalling Mechanism
During the steam oxidation process, the iron ions continuously migrated outward and formed vacancies. The vacancies connected together are the foundation for the crevices. Furthermore, the existence of thermal coefficients of expansion discrepancy between the outer and inner layer cannot be ignored under the real condition, providing the motivation for the crevice formation. During the service of the material, the ambient temperature of the superheater and the reheater fluctuated within a certain range [26] . When the ambient temperature fluctuated periodically, the stress acting on the oxide scale also alternated between the tensile stress and the compressive stress. Since the infiltrated inner layer acted as a continuous layer of the base layer, the stress was mainly concentrated between the inner and outer layers of the oxidation, so that the crevices were enlarged and connected at the junction thereof. As a result, in the high temperature fluctuation environment [27] , when the crevices formed by the vacancies and the connection was expanded to a certain extent, the outer oxidation layer spalled off under the coupling of force and heat.
The mechanical strength of the oxidation inner layer determined whether the oxidation outer layer desquamated or not. According to the above discussion, HR3C had a certain strength compared with Super304H due to the higher Cr content. In addition, HR3C had a higher Ni content which enriched between the inner and outer layers to from a bond to reinforce the connection between the two layers. Therefore, no void was observed in the vicinity of the oxidation inner and outer boundary of HR3C in Figure 6 , and no large-area detachment of the oxidation outer layer was observed. As a consequence, the oxidation outer layer of Super304H was prone to spalling and that of HR3C was not easy to spalling off.
Conclusions
In this paper, the steam oxidation behavior of the heat-resistant steels Super 304H (from superheater) and HR3C (from reheater) with service time of 17,973 h in a 1000 MW ultra-supercritical boiler were studied, and the following conclusions were obtained:
The As the results of SEM and EDS, the oxidation layer of the Super 304H sample was thick and continuous while the oxidation layer of the HR3C was thin and unevenly distributed. Furthermore, the oxidation products of the two materials could be divided into two layers, the outer layer enriched in O element and Fe element, and the inner layer enriched in O element and Cr element. 3.
The surface of the Super 304H sample was found to be spalling, and the spalling position located at the interface between the inner and outer oxidation layers. To the opposite, the oxide scale of HR3C was not found to have signs of spalling. The main reasons causing this situation were the low Cr and Ni content and the existence of thermal coefficients of expansion discrepancy between the outer and inner layer under fluctuated periodically operating conditions of the boiler. 
